The redox dye Nile blue has been adsorbed and electrochemically polymerised at a roughened gold electrode. The resulting modified electrodes were subjected to Raman spectroelectrochemical study with 785 nm laser line excitation. For both types of electrodes, well-expressed and rich in features Raman spectra were obtained. The spectra are closely related to those of another oxazine type redox dye Meldola blue. At solution pH 7.0, the overall intensity of the Raman spectra for both types of modified electrodes appears higher than in a pH 1.0 solution. Probably, this is caused by different light absorbance properties of this dye in two solutions. In a pH-neutral solution, the dye possess light absorbance in the red range of the visible spectrum, thus, resonance enhancement is possible. The intensity of the Raman spectra also increases by the shift of the electrode potential to higher positive values. This effect could be understood taking into account an intensifying colouration of the dye at a stepwise increase of the electrode potential due to a continuous growth of the content of oxidised forms within the electrode-bound layer.
INTRODUCTION
The redox dye Nile blue (NB) has been extensively used during several decades in different electrochemistry-related applications as a suitable electron mediator. Nowadays, the research interest in its useful properties and possible applications continues to grow with introduction of new electroanalytical techniques, new modern materials, and new application ideas. Many works relate to analytical applications of this redox dye. A complex composite electrode consisting of reduced graphene oxide, gold nanoparticles and NB has been proposed as a sensitive probe for electrochemical dopamine detection [1] . NB has been used in creating of a nanosandwich device containing a graphene oxide thin film for electrochemical in vivo monitoring of interleukin-6 [2] . Based on a combination of electrochemical and surface enhanced Raman scattering techniques, a sandwich-type immunoassay for the detection of a carcinoembryonic antigen has been developed with the use of NB as a Raman probe [3] . The development of multiplexed electrochemical biosensors with the use of NB and other redox mediators was described [4] . Electrocatalytic activity and possible applications to electrochemical detection of hydrogen peroxide and nitrite anion has been described for graphene nanosheets and NB nanocomposite [5] . Reduced graphene oxide and NB nanocomposites were proposed for an electrochemical label-free immunosensor for carcinoembryonic antigen detection [6] . A glassy carbon electrode containing a layer of electropolymerised NB was used for voltammetric detection of important bioanalytes like paracetamol and caffeine [7] . With the use of a specially prepared pencil graphite electrode and NB as an electroactive indicator, an electrochemical DNA sensor for detection of hepatitis virus was reported [8] .
Next to electroanalytical applications, some different fields for the use of NB were proposed. NB has been quite popular as a redox Raman active probe in creating of different modifications of Raman spectroscopy. Covalently tethered to a gold electrode NB has been tested using in situ tip-enhanced Raman spectroscopy (TERS), and a reversible decrease of TERS intensity was found upon electrochemical reduction of NB [9] . Similarly, a combination of TERS with atomic force microscopy and electrochemistry has been used to observe the nanoscale spacial distribution of a formal potential with the use of single molecule NB spectroelectrochemistry spaced at 5-10 nm from the electrode [10] . A number of other applications of this redox dye related to micro-and nanoelectrochemistry [11] [12] [13] , or to specific problems of electrocatalysis [14, 15] have been reported.
For successfull applications of NB in different fields, a deep knowledge on its spectroelectrochemical properties appears an important prerequisite. In our preceding works, we performed detailed Raman spectroelectrochemical studies on related redox mediators used in electrochemical systems -toluidine blue [16] , neutral red [17] and Meldola blue [18] . In order to broaden our studies to other redox mediators and dyes, in the present study we aimed at Raman spectroelectrochemical investigation of the redox dye Nile blue, adsorbed and electrochemically polymerised at a gold electrode.
EXPERIMENTAL
Nile blue (IUPAC name: [9-(diethylamino) benzo[a]phenoxazin-5-ylidene]azanium sulfate, NB, Sigma) and other chemicals were used as received. A BASi Epsilon model potentiostat (Bioanalytical Systems Inc., USA) was used throughout the experiments. A flat circular gold electrode of ca. 5 mm in diameter, press-fitted into a Teflon rod, as a working electrode, a platinum wire as a counter electrode, and a KCl saturated Ag/ AgCl reference electrode were used throughout the work. All potential values reported below refer to this reference electrode. Before each experimental set, the working electrode has been cleaned for 1 h in a Piranha solution (a mixture of 30% hydrogen peroxide and concentrated sulfuric acid, 3:1 by vol.), and ultrasonicated for 2 min in an ethanol and water mixture. Then, the surface of a gold electrode was electrochemically roughened for the Raman experiment by potential cycling for 50 cycles in a 0.1 M KCl solution within an electrode potential window of -0.3 to 1.4 V at a potential scan rate of 200 mV/s.
The electrode was modified with Nile blue by adsorbing the dye from its 1 mM solution in a 0.01 M phosphate buffer solution pH 6.9, containing 0.1 M of sodium sulfate, for 1 h. Electropolymerisation of NB was performed by potential cycling within the limits of -0.6 to 1.0 V for 10 cycles at a scan rate of 100 mV/s in an abovementioned solution. After the electropolymerisation, the electrode was rinsed in a supporting electrolyte, and mounted into an electrochemical or spectroelectrochemical cell. Phosphate buffer solutions pH 7.0, containing additionally 0.1 M of sodium sulfate, or the 0.1 M solution of sulfuric acid pH 1.0, were used as supporting electrolytes for experiments, as indicated in the text.
Raman spectroelectrochemical experiments were performed in a cylinder-shaped three electrodes moving spectroelectrochemical cell, arranged with a gold working electrode (as described above), a platinum wire counter electrode, and a KCl saturated Ag/AgCl reference electrode. SERS spectra were recorded using an Echelle type spectrometer RamanFlex 400 (PerkinElmer, Inc.) equipped with a thermoelectrically cooled (-50°C) CCD camera and a fiber-optic cable for excitation and collection of the Raman spectra. The 785-nm beam of the diode laser was used as the excitation source. The 180° scattering geometry was employed. The laser power at the sample was restricted to 10 mW and the beam was focused to a 200 μm diameter spot on the electrode. The integration time was 10 s. Each spectrum was recorded by accumulation of 10 scans yielding the overall integration time of 100 s. The Raman frequencies were calibrated using the polystyrene standard (ASTM E 1840) spectrum. No smoothing procedures were applied to the experimental data. The working electrode was placed at approx. 3 mm distance from the cell window. In order to reduce photo-and thermoeffects, and a possible degradation of an adsorbate or a polymer film by the incident light as well, the cell holder was moved periodically with respect to the laser beam at ca. 15-25 mm/s with the help of custom-built equipment [19] . Figure 1 shows the molecular structure of Nile blue (NB) in its oxidised and protonated form. For comparison, its similar structural analogue Meldola blue is also depicted. The only difference of the latter is the absence of a primary amino group at the ring. Both dyes possess electrochemical redox activity and thus are used as redox mediators especially for biosensors. Figure 2 illustrates cyclic voltammograms for NB as obtained at a gold electrode for an extended anodic scan. In the first anodic potential scan, NB shows a clear oxidation peak centered at -0.25 V, and a high anodic current at a high positive potential exceeding 0.8 V.
RESULTS AND DISCUSSION
In the back cathodic scan, a clear reduction wave around -0.35 V is observed. From this, the midpoint redox potential for NB of about -0.30 V could be derived for the particular conditions used. For NB, the formal potentials of 0.406 and -0.119 V (vs NHE) for the solution pH of 0.0 and 7.0, respectively, were reported [20] . For NB embedded into a self-assembled thiol layer at a gold electrode, a formal potential of -0.387 V vs SCE in the pH 5.5 phosphate buffer solution has been reported [21] . At the electrode potential exceeding 0.7-0.8 V, a high anodic current is observed, indicating probably the irreversible oxidation of NB to reactive radical species to proceed. By repeating potential scans, both anodic and cathodic peaks become less pronounced, although the redox capacity grows up, as it could be deduced from increasing charge passed during continuing potential cycling (Fig. 2) . In the first few potential scans, an anodic peak for NB slightly shifts to less negative values (e.g. up to -0.13 V in the 5th consecutive scan), whereas the cathodic peak does not change its position around -0.35 V. At a prolonged potential scan, a broadened anodic peak is observed (Fig. 2) . In a common sense, this electropolymerisation process appears quite similar to that of other related azine type redox dyes like toluidine blue [16] , neutral red [17] , or Meldola blue [18] .
After a prolonged potential cycling, a stable layer of electropolymerised NB appears at the electrode surface. When transferred into a solution not containing a NB monomer, the poly(Nile blue) (PNB) modified electrode shows a pair of anodic and cathodic peaks typical for this redox couple. Figure 3 shows cyclic voltammograms for PNB modified electrodes, and gold electrodes containing adsorbed but not electropolymerised NB, in acidic and neutral solutions. At the solution pH of 1.0, both types of the modified electrode show anodic peaks around 0.12 V along with their cathodic counterparts around 0.00 V, yielding thus a midpoint value of 0.06 V. In the pH 7.0 solution, the electrode modified with adsorbed NB shows a pair of cathodic and anodic peaks at a midpoint potential of -0.30 V and ΔE p of 0.21 V. The PNB modified electrode shows a cathodic peak around -0.35 V, and a flat anodic counterpart within a broad potential range (Fig. 3) . A related value for the midpoint potential of PNB prepared at a glassy carbon electrode of -0.41 V vs SCE has been reported for the pH 7.0 phosphate buffer solution [22] .
For the oxidised form of NB, a pK value of 9.70 was reported, whereas the reduced form possesses two protonation steps with pK values of 3.92 and 6.90 [20] . This means that in both solutions used, pH 1.0 and pH 7.0, the oxidised form of NB appears protonated via a primary amino group in its structure (Fig. 1) , whereas the reduced form of NB appears protonated in the pH 1.0 solution, and deprotonated at pH 7.0.
Both types of the modified electrodes, containing either electropolymerised or adsorbed layers of NB, were subjected to Raman spectroscopic study with the use of far red laser spectra excitation at 785 nm. The corresponding Raman spectra are presented in Figs. 4 and 5 for the PNB and adsorbed NB electrodes, respectively. As it could be expected, the spectra obtained appear rich in Raman features because of a high number of vibration modes for this structure. Previously, we obtained somewhat rich in features spectra for related structures like toluidine blue, neutral red and Meldola blue [16] [17] [18] . Obviously, all Raman bands observed present combined vibration modes which include many atoms and bonds between them. Previously, we calculated Raman vibrational modes for a similar structural analogue of NB, redox dye Meldola blue [18] . Table presents a summary of Raman bands for NB along with the analogous bands for Meldola blue, as well as their tentative assignments based on our calculations. It is well seen that both structures possess closely similar Raman features. The differences It is seen from Figs. 4 and 5 that an overall intensity of spectra appears higher in a pH-neutral than in an acidic solution. Although most Raman bands are observed in both solutions, the most prominent bands appear better expressed in a neutral solution. Also, a few new bands appear when changing the solution acidity to higher pH values like, e.g. the band at 1384-1381 cm -1 and sharp feature at 983 cm -1 visible in the spectrum obtained at 0.8 V (pH 7.0 solution). The latter band might be associated with the symmetric stretching vibration of SO 4 2− ion [23] . In general, the spectrum of PNB obtained at 0.8 V differs from the spectra recorded at a less positive electrode potential. Thus, the spectroscopic data suggest the presence of a different form of a positively charged surface bound polymer able to participitate in the ion-pairing process with solution anions. The band from the surface bound SO 4 2− anions dissapears after switching the potential to less positive values (Fig. 4, bottom) . In the aqueous solution, NB shows a strong light absorbance with the band maximum centered at 635 nm, and a shoulder around 590 nm indicating the aggregation of NB molecules [24, 25] . In the solution of 0.1 N HCl (pH 1.0), a new band at shorter wavelengths around 457 nm is observed [24, 25] , caused probably by the protonation of NB at low pH values to its dication form [25] . It seems likely that in the pH-neutral solution the Raman spectra excitation laser line of 785 nm falls into a partial resonance with the light absorbance band of NB in the red range of the visible spectrum. In the acidic solution, the absorbance maximum of NB appears blue-shifted by approx. 180 nm, thus avoiding the resonance enhancement. Therefore, the Raman spectra observed in the neutral solution appear of a higher overall intensity.
Another feature of Raman spectra obtained is a higher overall intensity at higher electrode potentials. Figure 6 compares relative intensities for one of the most prominent Raman bands centered at 1639 cm -1 for PNB and adsorbed NB as a function of the electrode potential for two solutions used. For PNB, a very low intensity at the lowest potentials is observed in both solutions. The intensity grows progressively by increasing the electrode potential reaching its maximum values at 0.6 or 0.8 V for pH 7.0 and pH 1.0 solutions, respectively (Fig. 6a) . At the highest potential values, the intensity drops to some extent. Somewhat different picture is observed for adsorbed dye. Again, an increase of intensity proceeds at a positive potential shift, however, even at the lowest electrode potentials, Raman spectra of a remarkable intensity are observed (Fig. 6b) . The most probable reason for this is that some residual part of the adsorbed dye appears not accessible to electrochemical reduction in contrast to the electropolymerised derivative with a more compact and dense structure that allows the electrochemical processes to proceed to a full extent. Apart from changes in intensities, almost no new Raman features are observed by changing of the electrode potential except for some minor changes. Since the electrode potential has been varied under the conditions specified for Figs. 4 and 5 within a very broad range of -0.4 to 1.0 V or -0.6 to 0.8 V for the pH 1.0 and pH 7.0 solutions, respectively, the reversible electrochemical oxidation and reduction of the PNB layer proceeded, as it could be deduced taking into account cyclic voltammograms in Fig. 3 . This means that, except for spectral intensity, no visible qualitative changes in the Raman spectra take place upon electrochemical oxidation and reduction. This seems to be in contrast with our preceeding works dealing with Raman spectroelectrochemistry of structurally similar redox dyes, toluidine blue [16] and neutral red [17] , but coincides with the studies on Meldola blue [18] .
These differences could be well understood taking into account different wavelengths of laser lines used for the excitation of spectra. In the case of toluidine blue, we used a red laser excitation line at 676.4 nm [16] . For the adsorbed layer of this dye at a thin transparent gold electrode, we observed a broad light absorbance band centered at 589 nm [16] . The laser excitation line falls at a shoulder of this broad band, thus, a resonance enhancement of the spectra for the oxidised (blue coloured) form of this dye proceeds. As a result, both oxidised and reduced forms are clearly distinguishable by corresponding Raman spectra at appropriate electrode potentials and solution pH values. The same applies for neutral red -despite of a somewhat bigger difference between its absorbance maximum and excitation wavelength at 676.4 nm, both redox forms for the electropolymerised and adsorbed dye were well distinguishable [17] . As distinct from both these redox dyes, almost no or only negligible changes in the Raman spectra for the oxidised and reduced forms were observed for Meldola blue [18] . In this case, we used a 785 nm laser line excitation. In the aqueous solution, we found a light absorbance maximum for Meldola blue at 568 nm, whereas a thin layer of the electropolymerised dye at a thin transparent gold electrode showed a remarkable blue shift of the absorbance maximum up to 520 nm [18] . Thus, the spectra excitation wavelength does not coincide or overlap with the optical absorbance band. As a result, no remarkable qualitative differences in the Raman spectra were observed for the oxidised and reduced forms of this redox dye at the appropriate potentials.
In the present case, the situation resembles that of Meldola blue. Although the absorbance maximum falls into the red range of the visible spectrum at 635 nm, it appears far-distanced from the laser line excitation wavelength of 785 nm. Therefore, no enhancement of the Raman spectrum is observed.
CONCLUSIONS
1. When adsorbed or electropolymerised at a gold electrode, the redox dye Nile blue shows numerous Raman features, closely related to those of its oxazine type structural analogue Meldola blue.
2. In a pH-neutral solution, an overall intensity of 785 nm laser line excited Raman spectra appears higher than in an acidic solution, probably because of a resonance enhancement due to different light absorbance properties in the two solutions.
3. The intensity of Raman spectra increases by shifting the electrode potential to higher positive values due to increasing colouration of the dye layer by extending of its net oxidation degree.
